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Abstract 
The influences of rare earth element Nd on the phase transformation and the microstructure of Ti50Ni48xFe2Ndx shape memory 
alloys are investigated by means of electrical resistivity, optical microscopy, electron probe microanalyzer, and X-ray diffraction. 
The results show that TiNiFe alloys with different Nd contents exhibit two-step martensitic transformation. The start temperature 
of martensitic transformation increases sharply from 212 K to 267 K when 0.1 at.% Nd is added in, and then decreases gradually 
if Nd content further increases. The microstructure of TiNiFeNd quaternary alloys consists of TiNi matrix, Ti2Ni second phase, 
and Nd3Ni intermetallic compound. The spherical Nd3Ni precipitate-particles evenly disperse in the matrix. 
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1. Introduction1 
Near-equiatomic NiTi shape memory alloys (SMAs) 
have found wide application in aerospace, aviation, 
and medicine industries owing to their superior func-
tional properties on shape memory effect (super elas-
ticity), biocompatibility as well as excellent mechani-
cal properties[1-2]. In order to modify and ameliorate 
the properties of the NiTi alloys to meet specific re-
quirements by unique users, addition of tiny amount of 
some alloying elements into the binary and ternary 
SMAs has become a well known adopted means and 
way. However, different alloying elements will exert 
different influences upon the alloys having the identi-
cal basic composition. For example, in the ternary al-
loys Ni-Ti-X, if X is referred to Pd, Hf, Pt, or Zr, they 
exhibit relatively high martensitic start transformation 
temperature (MS)[3-6], and if X is referred to Fe, Nb, Mo, 
Al, they have a sharply decreased MS[7-10]. As is well 
known in the practices, addition of rare earth (RE) into 
such alloys like steel and aluminum always results in 
significant improvement of their overall properties. 
Recently, much more efforts have been devoted, ex-
perimentally or theoretically, to the study on the effects 
of adding RE on NiTi-, Cu-, and Fe-based SMAs[11-14]. 
The present work is carried out on the basic 
Ti-Ni-Fe ternary alloys. These alloys, as distinct from 
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NiTi binary alloys, generally show a two-step phase 
transformation (B2ļRļB19') on both cooling and 
heating processes without any special thermal or ther-
momechanical treatments. This makes it easy to study 
the influences of adding RE on the two-phase transforma-
tion. In order to facilitate revealing the effects of RE on 
the phase transformation and microstructure of Ti50- 
Ni48Fe2 SMAs, this study replaces Ni with Nd. 
2. Experimental Procedures 
The experimental SMA ingots were prepared through 
nonconsumable vacuum arc melting process by using a 
water-cooled copper hearth in argon atmosphere. Ti (pu-
rity 99.9 wt.%) , Ni (purity 99.9 wt.%) , Fe (purity 99.9 
wt.%), and Nd (99.9 wt.%) were mixed together and were 
repeatedly melted for four times for homogenization. The 
nominal composition of the as-prepared alloys is Ti50- 
Ni48Fe2, Ti50Ni47.9 Fe2Nd0.1, Ti50Ni47.8Fe2Nd0.2, Ti50- 
Ni47.5Fe2Nd0.5, Ti50Ni47 Fe2Nd1.0 in terms of at.%. Then 
the ingots were sealed in vacuum quartz capsules and 
underwent homogenization at 850 °C for 24 h followed 
by quenching in water with the seal unbroken. The 
as-homogenized alloys were spark-cut in different 
gauge dimensions for measurements. The phase trans-
formation was investigated on an electrical resistance 
(E-R) apparatus with a heating/cooling rate of 1 K/min. 
Optical microstructure were determined on an Olym-
pus metallographic optical microscope. Micro structure 
and quantitative analysis of chemical composition 
were performed using a JOEL JXA-8100 electron 
probe microanalyzer (EPMA) equipped with an energy 1000-9361© 2009 Elsevier Ltd. Open access under CC BY-NC-ND license.
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Rigaku D/max-RB diffractometer (20q d 2ș d 90q) with a 
Cu-target (50 kV and 200 mA) . For convenience to dis-
cuss, the alloys with nominal Nd contents of 0, 0.1, 0.2, 
0.5, and 1.0 at.% were denoted by x= 0, x= 0.1, x= 0.2, 
x= 0.5, and x= 1.0, respectively. 
3. Results and Discussion 
3.1. Phase transformation of Ti50 Ni48x Fe2Ndx SMAs 
Fig.1 presents the electrical resistivity vs tempera-
ture curves of as-homogenized Ti50Ni48xFe2Ndx (x= 0-1.0) 
alloys. Table 1 lists their data. Two-step martensitic 
transformation can be observed in both cooling and 
heating processes in all as-prepared SMAs. On cooling 
from the B2 phase, the curves show an association of 
the transformations B2ĺR with Rĺ B19', whereas on 
heating, a reverse transformation B19'ĺRĺB2 could 
be found. The transformation of Ti50Ni48Fe2 in the 
cooling process features a sharp increase at 272 K and 
a decrease at 212 K, which correspond to RS and MS, 
respectively. When Nd as a RE in place of Ni is added 
only by 0.1 at.%, the characteristic transformation 
temperatures: RS, MS, and austenitic start transforma-
tion temperature AS soar to 302 K, 267 K, and 281 K, 
respectively. However, from Fig.2 it could be seen that 
when Nd content further increases, MS and AS slightly 
drop, but RS remains unchanged. 
 
Fig. 1  Electrical resistivity vs temperature curves of asso-
luted Ti50Ni48xFe2Ndx (x=0-1.0) alloys. 

Fig.2  Dependence of characteristic transformation 
temperatures on Nd content. 
Table 1  Characteristic transformation temperatures of as- 
        prepared Ti50Ni48xFe2Ndx (x=0-1.0) SMAs 
Ti50Ni48xFe2Ndx x=0 x=0.1 x=0.2 x=0.5 x=1.0
RS /K 272 299 299 299 298 
MS /K 212 267 261 258 250 
AS /K 250 282 279 273 263 
 
This phenomenon is ascribed to its dependence on 
the interaction between two conflicting factors. One is 
that the MS temperature increases as the ratio of Ti to 
Ni increases in as-quenched TiNi binary alloys[15]. In 
the as-prepared alloys, the replacement of Ni by Nd 
enhances the ratio Ti/(Ni+Fe) in the matrix, which 
eventually increases the transformation temperatures. 
The other is that addition of Nd makes new second 
phases (Nd3Ni and Ti2Ni) precipitate in the matrix 
(more of that anon), which would form a strain field so 
as to impede the transformation. Addition of less than 
0.1 at.% Nd would precipitate such a tiny amount of 
second phases that would not hinder transformation 
very much as to promote it, thereby leading to a rapid 
increase in transformation temperatures. Further in-
creasing Nd content would make the Ti/(Ni+Fe) ratio 
level off and much more larger phases to precipitate, 
thus forming a stronger strain field, which would be in 
favor of impeding effects and lead to slight decreases 
in MS and AS. However, it is worth noting that RS is not 
susceptible to being affected. It is well known that the 
deformation the martensitic transformation undergoes 
is ten times that of R-phase transformation[16]. There-
fore, addition of Nd would bring more influences to 
bear on MS than on RS, but the underlying mechanism 
is not yet understood. 
3.2. Microstructure of Ti50Ni48xFe2Ndx SMAs 
Fig.3 shows the optical micrographs of Ti50Ni48x- 
Fe2Ndx (x=0-1.0) alloys. It is noted that the as-homoge-
nized alloys are characterized by large grains (100-500 
ȝm) and uniform composition. In comparison with the 
clean morphology of Ti50Ni48Fe2, many small black 
spherical precipitates are observed inside the grains as 
well as along the grain boundaries in the Nd containing 
alloys (see Fig.3(b)-Fig.3(e)). However, no obviously 
contrasting morphology is discovered in the 
low-resolution images. Further microstructural details 
can be identified by using back-scattering electron 
microscopy. 
Fig.4 illustrates the EPMA back-scattering electron 
images of the Ti50Ni48íxFe2Ndx SMAs. In Fig.4(a), 
Ti50Ni48Fe2 is shown to have only gray parent phase. 
However, there are three different contrasting areas 
observed in the Nd containing alloys, including gray 
matrix, white particles and dark phases (see Fig.4 
(b)-Fig.4 (e)) . 
From the composition of different phases listed in 
Table 2, it has been determined that the Ti/(Ni+Fe) ra-
tio in the gray matrix is ~1, and the Ti/Ni ratio in the 
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Fig.3  Optical images of Ti50Ni48xFe2Ndx SMAs. 
 
Fig.4  EPMA back-scattering electron images (BEI) of 
as-homogenized Ti50Ni48xFe2Ndx SMAs. 
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Table 2 Compositional results by EDS of Ti50Ni47Fe2Nd1 
Phase Ti/at.% Ni/at.% Fe/at.% Nd/at.% 
Gray 51.53 46.26 2.20 0.01 
Dark 64.55 33.45 1.97 0.03 
White 1.52 24.49 0.87 73.12 
dark areas is ~2. As illustrated in the Ti-Ni binary 
phase diagram, the gray matrix consists of TiNi phase 
containing the nominal amount of Fe, and the dark ar-
eas are identified as Ti2Ni. As shown in the images, the 
sphere-shaped white phases are well dispersed in the 
matrix. There are no intermetallic compounds to be 
found in the Ti-Nd binary system[17]. In the Nd-Ni bi-
nary diagram determined by Y. Y. Pan, et al.[18], there 
are eight intermetallic compounds defined as Nd3Ni, 
Nd7Ni3, NdNi, NdNi2, NdNi3, Nd2Ni7, NdNi5, and 
Nd2Ni17. The EDS results show that the Nd/Ni ratio in 
the white areas is ~3, which could be regarded as 
Nd3Ni intermetallic compound with little of Ti and Fe 
solid-solutions inside. Table 2 also shows that almost 
all Fe element and traces of Nd element exist in the 
matrix in the form of solid-solution. This might be 
caused by the similar atomic radius of Fe to Ni and Ti 
but relatively larger atomic radius of Nd. Moreover, 
very few dark phases precipitate in Ti50Ni47.9Fe2Nd0.1 
and Ti50Ni47.8Fe2Nd0.2, (see Fig.4(b) and Fig.4(c)) with 
fine white particles. The white particles grow and more 
dark phases precipitate as Nd content increases, and 
when the Nd content approaches 1.0 at.%, the size of 
the two phases ranges from 0.1 ȝm to 10.0 ȝm. 
In Ti50Ni48Fe2 ternary alloys, none of Ti2Ni phase is 
observed. However, addition of Nd produces Ti2Ni 
phase in the matrix. This is obviously associated with 
the formation of new phase Nd3Ni, which would cause 
a significant shortage of Ni in the matrix and pushe it 
to Ti-rich side. The excessive Ti would precipitate in 
the form of Ti2Ni. As the Nd content increases, the 
amount of Ti2Ni also increases. 
3.3. XRD analysis of Ti50Ni48xFe2Ndx SMAs 
Fig.5 shows the XRD patterns of as-homogenized 
Ti50Ni48íxFe2Ndx (x=0-1) alloys at ambient temperature 
(T=300 K) . As seen in the curve of Ti50Ni48Fe2 alloy, 
the three diffraction peaks at 42°, 61°, and 77° could 
be indexed by B2(110) , B2(200), and B2(211) planes. 
As the Nd content increases, the three main peaks re-
main identical, indicating the existence of B2 parent 
phase. This is in agreement with the results of E-R, 
which show no occurrence of R-phase transformation 
at 300 K in TiNiFeNd quaternary alloys. However, just 
as presented by the magnified patterns of Ti50- 
Ni47Fe2Nd1 in Fig.6, many other weak peaks appear. 
As discussed above, three different phases coexist in 
the TiNiFeNd quaternary alloys and these small peaks 
are indexed by the Ti2Ni and Nd3Ni phases according 
to the PDF cards. This is consistent with EDS results. 
Besides, the volume fractions of Ti2Ni and Nd3Ni 
phases are so small that some peaks might not be de-
tected. Also, the parent phase that contains different 
amount of Nd is characterized by peaks with diverse 
diffraction intensity, some lower while others stronger. 
Addition of Nd would increase the width of these 
peaks.  
 
Fig.5  XRD patterns of as-homogenized Ti50Ni48x  
Fe2Ndx SMAs at ambient temperatures. 
 
Fig.6  Magnified pattern of Ti50Ni47Fe2Nd1. 
Table 3 lists the parent phase lattice parameter of 
Ti50Ni48xFe2Ndx SMAs, which shows that the axis a0 
extends with the increase of Nd addition, indicating the 
distortion of parent phase lattice induced by the rela-
tively larger atomic radius of Nd. 
Table 3 Parent phase lattice parameters of Ti50Ni48íxFe2Ndx 
Ti50Ni48íxFe2Ndx x=0 x=0.1 x=0.2 x=0.5 x=1.0 
a0 /Å 3.012 8 3.017 4 3.021 0 3.028 2 3.034 4
4. Conclusions 
The phase transformation and microstructure of as- 
homogenized Ti50Ni48íxFe2Ndx (x=0-1.0) SMAs are inves-
tigated. The following conclusions can be drawn: 
(1) The Ti50Ni48íxFe2Ndx (x=0-1.0) SMAs exhibit 
two-step martensitic transformation on both cooling 
(B2ĺRĺB19') and heating (B19'ĺ RĺB2) . 
  (2) The characteristic transformation temperatures 
increase rapidly when the Nd content is less than 0.1 
at.%. With further increase of Nd addition, MS and AS 
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decrease gradually whereas RS remains unchanged. 
(3) The microstructure of the quaternary SMAs con-
sists of TiNi matrix, Ti2Ni phase and Nd3Ni intermetal-
lic compound. The volume fraction and the size of 
Ti2Ni and Nd3Ni phases increase as Nd content in-
creases. It is found that addition of Nd distorts the 
parent phase lattice. 
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